Septins generally function as scaffolds and as cortical barriers to restrict the diffusion of membrane proteins. In the fission yeast Schizosaccharomyces pombe, septins form a ring structure at the septum after spindle breakdown during the constriction of the contractile actomyosin ring (CAR) and serve as a scaffold to recruit glucanases to mediate ultimate daughter cell separation. Despite this, it remains unclear if septins play any significant roles before the cell separation during cytokinesis. Employing live cell microscopy, we carefully examined SIN (Septation Initiation Network) signaling and glucan synthases, two key factors ensuring proper function of the CAR. In the absence of the core septin component Spn1p, the formation of a compact CAR is advanced and the CAR constriction rate is slightly but significantly decreased. Moreover, the SIN kinase Sid2p and the glucan synthases Bgs1p and Ags1p form an equatorial ring quite prematurely, but their maintenance at the equatorial region is diminished spn1D cells. These findings suggest that septins act as key players in an accurate establishment and the maintenance of CAR by orchestrating the equatorial dynamics of Sid2p and glucan synthases. Hence, this work demonstrates that, in addition to their function during ultimate cell septation, septins have important roles in regulating earlier cytokinetic events, including CAR assembly and constriction, SIN signaling, and the cortical dynamics of the glucan synthases.
Introduction
Cytokinesis requires the formation and coordination of the contractile actomyosin ring (CAR) and the septin ring. Indeed, in many organisms including Drosophila and the budding yeast Saccharomyces cerevisiae, the plasma membrane-bound septin ring interacts with the CAR and is involved in regulating CAR function. In budding yeast, a septin hourglass structure forms at the bud neck and serves as a scaffold to recruit proteins responsible for the assembly of the CAR and for regulating many other cytokinetic events [1] . At the onset of cytokinesis, the septin hourglass structure becomes two rings sandwiching the CAR and serves as a barrier to restrict free diffusion of membrane proteins [2] . Such a diffusion barrier function of septins has also been demonstrated to operate at the bases of cilia [3] , fungal branches [4] , and dendritic spines [5, 6] and at the sperm annulus [7] .
Unlike in budding yeast, septins are not essential for cytokinesis in the fission yeast Schizosaccharomyces pombe, but the absence of septins results in chained cells with defective cell separation [8, 9] . Seven septins (Spns1p-7p) are present in fission yeast [10] . Spn5p, Spn6p, and Spn7p are meiosis-specific septins and function together with Spn2p to ensure the proper formation of the forespore membrane [10] . In interphase vegetative cells, Spn1p, Spn2p, Spn3p, and Spn4p function as an octamer with 1 : 1 : 1 : 1 stoichiometry with Spn1p and Spn4p serving as the core components [11] . During cytokinesis, a higher order structure of Spns1p-4p appears as a ring at the middle of the cell depending on the Anillin-like protein Mid2p [8, 9] . The septin ring has been shown to serve as a scaffold to recruit the guanine nucleotide exchange factor Gef3p [12, 13] , the small GTPase Rho4p [13] , and the hydrolytic glucanases Eng1p and Agn1p for mediating septum degradation [13, 14] . It is, therefore, well established that septins are a critical player in cell separation in late cytokinesis after the closure of the CAR. By contrast, whether septins are involved in regulating the CAR and other cytokinetic events remain to be determined.
The assembly, maintenance, constriction, and disassembly of the CAR are tightly regulated in space and time [15, 16] . CAR components are recruited to the two types of dynamic cortical nodes, the type 1 Cdr1p/Cdr2p and the type 2 Blt1p nodes, in a sequential order, and eventually, the nodes coalesce to form a tight actomyosin ring at the middle of the cell [17, 18] . The maintenance, constriction, and disassembly of the CAR require the activity of the Separation Initiation Network (SIN), the counterpart of the budding yeast mitotic exit network (MEN), and the metazoan HIPPO pathway [19] . The core components of the SIN are the scaffold protein Cdc11p, the STE20 kinase Cdc7p, Sid1p, Cdc14p, the NDR-family kinase Sid2p, and Mob1p [20] . Cdc11p forms a complex with Cdc7p, and this SIN signaling is relayed to the Sid1p and Cdc14p complex and then to the most downstream target the Sid2p and Mob1p complex. Among these proteins, the kinases Cdc7p and Sid1p asymmetrically localize to the new/daughter spindle pole body, and only Sid2p and Mob1p are present at the CAR region during anaphase and cytokinesis [20] . It is therefore postulated that Sid2p/Mob1p may directly transduce the SIN signaling to regulate the formation and function of the CAR and the septum [21] [22] [23] . Furthermore, both the SIN activity and the CAR are required for septum biosynthesis and the septum in turn contributes to CAR stabilization and constriction [24] [25] [26] [27] [28] . Thus, septum biosynthesis is coupled to CAR constriction in fission yeast [27, 28] . As CAR constricts, a primary septum flanked by secondary septa is formed behind the CAR, and after closure of the CAR, the primary septum is degraded by the glucanases Eng1p and Agn1p, which are delivered to the septum in a septin-dependent manner [13, 14] . The primary septum mainly comprises linear b(1,3) glucans that are synthesized by the glucan synthase Bgs1p while the secondary septum contains linear b(1,3) glucans, branched b(1,3) glucans (synthesized by Bgs4p), and a (1,3) glucans (synthesized by Ags1p) [25] . It remains unknown if septins function to regulate these glucan synthases.
Here, we investigated the roles of septins in regulating early cytokinetic events before cell separation. We found that the absence of Spn1p causes advanced compaction but slow constriction of the CAR and meanwhile advanced accumulation of Sid2p, Bgs1p, and Ags1p at the equatorial region followed by their premature departure from the region. These findings establish that septins are necessary factors required for proper CAR function, SIN signaling, and septum biosynthesis.
Results

Spn1p is required for proper function of the CAR
It is established that the septin ring at the cell equator mediates cell separation by targeting the glucanases Eng1 and Agn1 to the septum [13, 14] . Before this ultimate step of cytokinesis, the CAR assembles and constricts at the cell equator to facilitate septum formation. Due to the functional relevance of the CAR and septins, we asked if septins are involved in regulating the CAR. To address this question, we first examined the dynamics of the CAR (marked by Myo2p tagged with GFP) and septins (marked by Spn1p tagged with tdTomato) by spinning disk live cell microscopy. As shown in Fig. 1A , a compact CAR formed before the cell-entered anaphase B (as indicated by further separated Sid4p, the spindle pole body component, tagged with GFP) and began to constrict~4 min after spindle breakdown (the moment when the two SPBs with maximum distance began to move toward one another). During CAR constriction, Spn1p on the cell cortex gradually concentrated to the cell equator to form a ring, and such concentration became noticeable as early as anaphase onset. In addition, we noticed that Spn1p formed many puncta at 
F G the cell cortex before septin concentration commenced when the CAR was being assembled. Thus, the timings for forming compact CAR and septin rings are apparently different, but the two processes are clearly intertwined at the cell cortex. To see the double-ring structure of septins that has been reported previously [8, 9] , we employed structured illumination microscopy (SIM), an imaging technique with an improved resolution of~100 nm in the x-y direction (~300 nm for conventional optical microscopy). Consistently, Spn1p initially formed a single ring and became an apparent double-ring structure after CAR closure with a separating distance of 300 nm (Fig. 1B) . This super-resolution imaging data highlight the adjacent positioning nature of the septin double rings.
Since Spn1p and Spn4p are the core components of septin filaments, the absence of either Spn1p or Spn4p caused complete disassembly of cortical septin filaments as reported previously (Fig. 1C) [11] . Therefore, we chose Spn1p as a representative for examining the potential functions of septins in regulating the CAR formation and dynamics. In cells lacking Spn1p, the formation of a compact CAR was advanced significantly, but the timing for CAR constriction was not altered and took place~22 min after mitosis onset ( Fig. 1D-F) . This indicates that other mechanism(s) independent of septins may be required to initiate CAR constriction (see discussion below). In addition, the Rlc1p (myosin regulatory light chain 1, a CAR component) signals at the cell equator lasted longer in spn1D cells than in wild-type cells as measured from the onset of the CAR constriction ( Fig. 1D-F) , indicating that the CAR constriction and disassembly processes were prolonged. This prompted us to carefully measure the rate of the CAR constriction, showing that the rate of the CAR constriction in spn1D cells decreased slightly but significantly (Fig. 1G) . Hence, we concluded that Spn1p plays a role in maintaining a good timing for CAR assembly and disassembly and that Spn1p is also required for maintaining the proper rate of the CAR constriction.
Spn1p ensures proper accumulation and maintenance of Sid2 at the equatorial region of the cell
It has been demonstrated that SIN activity is required for maintaining proper CAR function [20] , and our live cell microscopy data clearly showed that the absence of Spn1p has a mild but significant effect on CAR assembly and constriction. We therefore reasoned that the SIN may be regulated by septins. To test this hypothesis, we simultaneously examined how Sid2p, the most downstream SIN kinase, and Blt1p, the constitutive component of the CAR for the type II cortical nodes formation, were affected in spn1D cells. It has been demonstrated that Sid2p localizes to the cell equator and the SPBs after spindle breakdown during CAR constriction [21] [22] [23] . Blt1p physically interacts with the Sid2p/Mob1p complex and functions to maintain sufficient Sid2p at the equatorial region for CAR constriction [29] . Live cell microscopy analysis showed that Sid2p signals at the cell equator appeared earlier and also diffused away faster in spn1D cells than in wild-type cells ( Fig. 2A,B) . Interestingly, Blt1p also departed Note that the septin ring became noticeable at~6 min after spindle breakdown (green circle) and that the contractile actomyosin ring (CAR) started contraction at~4 min after spindle breakdown. Scale bar, 10 lm. (B) Maximum projection SIM images of wild-type cells expressing Spn1p-tdTomato, Sid4p-GFP, and Rlc1p-GFP (myosin II regulatory light chain). Cells at different cytokinesis stages were imaged. Note that at the late stage of cytokinesis, septins displayed an apparent double-ring structure and the separating distance between the double rings was~300 nm. Scale bar, 2 lm. (C) Maximum projection images of wild-type, spn2-deletion (spn2D), spn3D, and spn4D cells expressing Spn1p-tdTomato, Myo2p-GFP, and Sid2p-GFP, and wild-type and spn1D cells expressing Spn4p-tdTomato, Myo2p-GFP, and Sid2p-GFP. Note that the absence of either Spn1p or Spn4p resulted in defective septin filament assembly, confirming that Spn1p and Spn4p are essential for septin filament assembly. Scale bar, 10 lm. (D) Maximum projection time-lapse images of wild-type and spn1D cells expressing Sid4p-tdTomato and Rlc1p-GFP. The first frame marks mitosis onset. Note that the CAR compaction took place earlier in the spn1D cell than in the wild-type cell and the Rlc1p signals at the equatorial region lasted longer in the spn1D cell than in the wild-type cell. Scale bar, 10 lm. (E) Quantification of the duration of CAR compaction (from mitosis onset to the formation of a compact CAR ring), CAR maturation (from CAR ring formation to the onset of CAR contraction), and CAR contraction and disassembly (from contraction onset to the disappearance of Rlc1p-GFP signals at the middle of the cell), and the timing for CAR contraction initiation. earlier from the division site in the absence of Spn1p ( Fig. 2A,C) . To further understand the interplay of Blt1p and Spn1p in regulating Sid2p dynamics, we performed live cell imaging to analyze Sid2p dynamics in WT, spn1D, blt1D, and blt1D spn1D cells expressing only Sid2p-GFP (Fig. 2D ). Quantification data showed that Sid2p maintenance at the equatorial region in both spn1D and blt1D cells was affected but only the absence of Spn1p caused premature Sid2p assembly at the cell equator (Fig. 2E ). Spn1D and blt1D displayed an additive effect on the equatorial maintenance of Sid2p signals (Fig. 2E) , and this was consistent with the results of the serial dilution growth assays (Fig. 2F) . Taking together, these findings suggest that Spn1p is required to prevent advanced accumulation of Sid2p at the equatorial region but to maintain Sid2p and Blt1p at the equatorial region after their arrival.
Sid2p colocalizes with Spn1p at the equatorial cortex during CAR constriction Next, live cell microscopy was employed to dissect the spatiotemporal relationship of the ring formation of Sid2p, Septin, and CAR during cytokinesis. As shown in Fig. 3A ,B, an apparent equatorial Sid2p ring was observed upon spindle breakdown. By contrast, an apparent equatorial Spn1p ring appeared~6 min after spindle breakdown and was present in the middle of the cell until cell separation (Fig. 3A,B) . Intriguingly, the intensity of both Sid2p and Spn1p signals increased coincidentally at the equatorial cortex before spindle breakdown. We noticed that Sid2p exhibited clear colocalization with Spn1p as soon as the Sid2p ring emerged and displayed a disk-like structure afterward, suggesting that Sid2p may diffuse to the cleavage furrow area as the CAR constricts. To clearly resolve the localization of Sid2p and Spn1p, SIM microscopy was employed, confirming that both Sid2p and Spn1p form double-ring structures and colocalize at the cell equator (Fig. 3C) . We then went further to film Sid2p and Rlc1p by live cell microscopy. Consistently, the intensity of the Sid2p signals at the equatorial cortex increased gradually before spindle breakdown and peaked~4 min after spindle breakdown in coincidence with the commencement of CAR constriction (Fig. 3D,E) . Interestingly, such equatorial Sid2p signals remained at the equatorial cortex until the complete disassembly of the CAR with the Sid2p intensity decreasing gradually. These data provided evidence for a tight correlation between the equator-localized Sid2p and CAR constriction.
Spn1p is required for proper accumulation and maintenance of Bgs1p and Ags1p at the septum
In addition to SIN activity, septum biosynthesis is required for CAR functions [26] [27] [28] 30] . The primary septum flanked by two secondary septa is deposited behind a constricting CAR and is believed to contribute a large portion of forces to mediate CAR constriction and cleavage furrow ingression [26, 27] . Therefore, we wanted to test if septum biosynthesis is affected by the absence of Spn1p. Employing live cell microscopy, we carefully followed the localization of Bgs1p, the glucan synthase responsible for primary septum synthesis, in wild-type and spn1D cells. As shown in Fig. 4A ,F, the appearance of a visible Bgs1p ring at the equatorial region was advanced in the absence of Spn1p, suggesting that the cortical septins act to prevent premature accumulation of Bgs1p to the septum region. In wild-type cells, Bgs1p signals diffused and filled up the entire septum region after the ring closure and remained there until cell separation (Fig. 4A,F) . Intriguingly, the absence of Spn1p caused faster disappearance of Bgs1p signals at the equatorial region and concomitantly their abnormal accumulation at two cell ends (Figs 4A,E and F). Quantification data confirmed that the timings for the appearance of Bgs1p rings and the duration of the equatorial Bgs1p signals were both significantly reduced in spn1D cells (Fig. 4B,C) . Similar phenotypes were observed when we examined Ags1p, the glucan synthase required for secondary septum synthesis (Fig. 5) . Finally, the localization of Spn1p and Bgs1p was examined carefully with a SIM microscope. As shown in Fig. 4D , the diameter of the double-ring septin structure remained unchanged during the constriction of the Bgs1p ring, and weak Bgs1p signals were seen behind the bright constricting Bgs1p ring, suggestive of the localization of Bgs1p at the cleavage furrow. Taken together, these results suggest the critical roles for the septin ring in confinement of the glucan synthases to the septum during cytokinesis and for the cortical septins in preventing premature accumulation of glucan synthases at the equatorial region before anaphase.
Discussion
In the fission yeast Schizosaccharomyces pombe, it has been unclear if septins have roles in regulating CAR functions and early cytokinetic events other than their established role in recruiting glucanases to mediate cell septation. In this study, we demonstrate that septins are important in ensuring proper CAR functions (Fig. 1) . This is most likely achieved through control of the accumulation and maintenance of the SIN kinase Sid2p and the glucan synthases Bgs1p and Ags1p at the equatorial region in a septin-dependent manner (Figs 2, 4, and 5). Our results suggest a model as shown in Fig. 6 . Before septin ring formation, the cortical septins function to prevent premature concentration of CAR components, Sid2p (SIN kinase), and glucan synthases to the cell equator; the formation of the septin ring then promotes the maintenance of sufficient SIN signaling (through Sid2p) and efficient amount of glucan synthases at the cell equator to ensure proper septum biosynthesis and CAR constriction. This present work establishes a tight connection between the CAR and septins. The CAR is assembled in a sequential order requiring the concerted action of many cortical proteins subsequently recruited to the two types of precursor nodes [16] [17] [18] . Such nodes ultimately coalesce on the cell cortex to form a compact CAR (Fig. 1A) . Following the compact CAR formation, a visible Sid2p ring emerges at the cell equator upon spindle breakdown (Fig. 3D) . This concentrated Sid2p at the cell equator likely triggers CAR constriction, and during CAR constriction, an equatorial septin ring appears (Fig. 1A and Fig. 3A) . Septins are present as a dense network of puncta on the cell cortex before the septin ring is assembled (Fig. 1A) and the exact function of these cortical septin puncta remains unknown. The absence of Spn1p causes complete disassembly of the cortical septin puncta (Fig. 1C) and leads to the advanced assembly of a compact CAR (Fig. 1D-F) . It has been reported that the CAR nodes on the cell cortex diffuse in a slow motion [17] . It is therefore conceivable that the cortical septins may function as barriers to restrict free diffusion of cortical proteins required for assembling the CAR. Despite the premature arrival of Sid2p and Blt1p at the CAR and the advanced CAR assembly in the absence of Spn1p (Figs 1 and 2) , the timings for CAR constriction in wild-type and spn1D cells are comparable (Fig. 1E,F) . This could be due to the extra time needed to assemble a mature CAR in spn1D cells. Alternatively, an unidentified septin-independent signaling mechanism functions to ensure the proper initiation timing of CAR constriction. Intriguingly, the absence of Spn1p also causes slightly but significantly slow constriction of the CAR (Fig. 1G) . This may be due to the defective maintenance of the SIN kinase Sid2p and the glucan synthases Bgs1p and Ags1p at the septum region (Figs 2,4 and 5) during CAR constriction in cells lacking Spn1p because both SIN signaling and septum synthesis have been shown to be required for proper CAR constriction [19, 24, 25] .
How could then septins be not essential for cytokinesis in fission yeast and the absence of septins only cause mild cytokinesis defects? Our live cell microscopy data reveal that defective organization of the cortical septin structures only compromises, but not abolishes, the equatorial arrival and departure of key cytokinesis players, including the SIN signaling kinase Sid2p and the glucan synthases Bgs1p and Ags1p (Figs 2, 4 and 5) . Hence, septins may serve as cortical barriers to regulate the diffusion, accumulation, and maintenance of cortical proteins to fine-tune the action of cytokinesis machinery. The fission yeast cell possesses mutually antagonizing SIN and MOR (morphogenesis Orb6 network) pathways to control mitosis-to-interphase transition with the SIN-promoting CAR and septum functions and the MOR initiating polarized cell growth [31, 32] . The MOR functions through promoting polarized actin The results of our current study indicate that septins may also be a key player in preventing polarized cell growth during the mitosis-to-interphase transition because the absence of the septin ring enables the glucan synthases Bgs1p and Ags1p to diffuse away faster from the septum and instantaneously accumulate at the two cell tips (Figs 4 and 5). Polarized actin distribution and accumulation of glucan synthases at the cell tips are essential for coordinated cell growth. It is conceivable that the SIN and the septin ring may coordinate to prevent premature cell growth during cytokinesis.
The functions of septins in regulating cytokinesis in fission and budding yeasts not only share similarity but also exhibit diversity. In both organisms, the septin ring serves as a barrier to restrict diffusible factors to the division site. While septins in fission yeast are dispensable for cytokinesis, septins in budding yeast are essential and form an hourglass structure at the bud neck, recruiting a large number of signaling molecules to orchestrate cytokinesis. Nevertheless, septins in both organisms are involved in regulating CAR assembly and constriction. Such a close relationship between septins and the CAR appears to be conserved in mammalian cells, as the knockdown of SEPT2 and SEPT11 in HeLa cells similarly causes abnormal ingression of the cleavage furrow and the depletion of SEPT9 leads to defective midbody abscission [33] . It is therefore noteworthy to further dissect the detailed interplay between septins and the CAR, which will help to understand how a cell integrates the septin and CAR machineries to orchestrate cytokinesis.
Materials and methods
Yeast genetics
Yeast strains were created either by the random spore digestion method or by tetra-dissection analysis as previously described [34] . The strains used in this study are listed in Table S1 . For live cell imaging, the strains were cultured in Edinburgh minimal medium with the supplements: Adenine, Leucine, Uracil, Histidine, and Lysine (ForMedium, Hunstanton, Norfolk, United Kingdom). Ten-fold serial dilution growth assays were performed by growing cells on YE5S plates containing the five supplements (Adenine, Leucine, Uracil, Histidine, and Lysine) for 3 and 4 days before taking images.
Live cell microscopy and data analysis
Live cell imaging was performed with a PerkinElmer Ultraview Spinning Disk confocal microscope equipped with a Nikon Apochromat TIRF 100X 1.49NA objective and a Hamamatasu C9100-23B EMCCD camera, following the method as described [35] . Briefly, cells in exponential phase were collected and sandwiched between a EMM (with supplements: Adenine, Leucine, Uracil, Histidine, and Lysine) agar pad and a coverslip. Images were acquired with Volocity (PerkinElmer, Waltham, Massachusetts, USA) at room temperature. Unless otherwise specified, live cell image stacks containing 11 planes at each time point were taken with a 0.5 lm step size every 2 minutes (500 ms GFP and tdTomato exposure). For SIM microscopy, 3D SIM imaging was performed with a Nikon N-SIM super-resolution microscope equipped with a Nikon Apochromat TIRF 100X 1.49NA oil objective and an Andor DU-896 camera, and stack images containing three planes were acquired with a 0.5 lm step size. Montage and kymograph images were prepared and measurements were performed using MetaMorph 7.7 (Molecular Devices, San Jose, CA, USA) and IMAGEJ. Plot graphs were generated with Kaleidagraph (Synergy Software, Reading, PA, USA) and Student's t-test analysis was performed with Excel. 
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